Baculoviruses are pathogenic to a number of lepidopteran insects (6) and are attractive biological agents for the control of agriculturally important insect pests. In nature, these pathogens regulate the size of insect populations in a variety of ecosystems (18) . A major drawback for a more widespread use of these viruses is their relative slow speed of action. It may take 5 to 10 days after infection before feeding is reduced. Through genetic engineering, it may be possible to improve the insecticidal properties of these viruses by the introduction of genes whose products interfere with insect metabolism or morphogenesis (11) . Crystal protein genes of Bacillus thuringiensis may be good candidates for this purpose.
B. thuringiensis is a gram-positive soil bacterium that produces one or more crystals during sporulation (12) . These crystals contain proteins which are processed upon ingestion by gut alkaline proteases into polypeptides that are toxic to insect larvae. There are four main classes of B. thuringiensis isolates, and one of these, CryI, produces crystals that are toxic to larvae of the Lepidoptera (for a review see reference 9) . The crystals are bipyramidal in shape and contain one or several toxic proteins with a molecular mass of approximately 130 kilodaltons (kDa) (3) . Each of these proteins appears to have its own specific toxicity spectrum with respect to insect hosts (8, 33) .
In order to investigate whether the CryIA(b) crystal protein is potentially useful for improving the pathogenicity of baculoviruses, it is necessary to establish that this protein can be expressed in insect cells by a recombinant baculovirus while maintaining its toxicity for larvae of Lepidoptera. To this end, we have introduced a crystal protein gene, isolated from B. thuringiensis subsp. aizawai 7.21 and classified as cryIA(b) (9) , into the genome of the Autographa californica nuclear polyhedrosis virus (AcNPV) . The host range specificity of the cryIA(b) gene of B. thuringiensis subsp. aizawai 7.21 overlaps with that of AcNPV (22) , and * Corresponding author.
this provides the possibility of improving the pathogenicity of AcNPV by the addition of a B. thuringiensis gene. The CryIA(b) crystal protein was produced at a high level in recombinant AcNPV-infected cells and showed high toxicity to a susceptible insect.
MATERIALS AND METHODS
Bacteria, insect cells, and viruses. B. thuringiensis subsp. aizawai 7.21 was supplied by H. de Barjac, Institut Pasteur, Paris. Escherichia coli DH5oa and HB101 were used for transformation. The recombinant E. coli (7.21A), expressing the crylA(b) gene from B. thuringiensis subsp. aizawai 7.21, and a recombinant E. coli harboring pBR322 were used for comparison. The recombinant contained the plasmid p7.21A (10) .
The Spodoptera frugiperda cell line IPLB-SF-21 (32) was used and maintained in plastic tissue culture flasks in TNM-FH medium (7) supplemented with 10% fetal bovine serum.
The multiple nucleocapsid form of the nuclear polyhedrosis virus of A. californica (AcNPV), strain E2 (27) Vlak, J. Gen. Virol., in press). The infectivity of the nonoccluded form of the virus was determined by using the endpoint dilution method (34) , and the titers were expressed as 50% tissue culture infective dose (TCID50) U per ml. In the case of recombinants, the endpoint was determined by using 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (Xgal) ( (35) . Recombinant plaques were recognized by blue color development upon addition of X-gal (25 ,ug/ml) and by the absence of polyhedra in these cells. The putative recombinants were plaque purified three times to reach genetic homogeneity. Infection of cells was carried out with the nonoccluded form of the virus at a multiplicity of infection of 10 TCID50 U per cell.
DNA and protein analysis. DNA obtained from plasmids or extracellular nonoccluded virions of wt AcNPV, AcNPV/ DZ1, and AcNPV/JM3 was subjected to restriction enzyme analysis as described previously (35) . The DNA was analyzed on 0.7% agarose gels as described by Maniatis et al. (17) .
For protein analysis, uninfected and infected S.frugiperda cells as well as E. coli cells with and without the cryIA(b) gene were gently washed three times with excess phosphatebuffered saline, pH 7.5, and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE) on 12.5% gels by the method of Laemmli (14) by using a Bio-Rad Protean II apparatus. The gels were stained with Coomassie brilliant blue or subjected to immunoblotting.
The amount of 130-kDa crystal protein present in a protein sample was approximated from a PAGE gel by using an LKB Ultrascan XL laser densitometer followed by integration of the peaks with an LKB 2400 gelscan XL software package.
For immunoblotting, the gels were transferred in 25 mM Tris-39 mM glycine-0.0375% (wt/vol) sodium dodecyl sulfate-20% (vol/vol) methanol to nitrocellulose filters by electroblotting for 1 h at 0.8 mA/cm2 of gel by using a semidry blot apparatus (Bio-Rad). The blot was treated with 2% (wt/vol) milk powder in TBS (50 mM Tris hydrochloride, pH 7.4, 200 mM NaCl) for 2 h at room temperature to prevent aspecific antibody binding. The blot was then incubated for 1 h at room temperature in 0.2% (wt/vol) milk powder in TBS to which a 1:2,000 dilution of the polyclonal antiserum against the crystal proteins of B. thuringiensis subsp. aizawai 7.21 was added. To remove the antiserum, the blot was washed three times for 10 min with excess TBS. The blot was further incubated with a second antiserum (swine antirabbit immunoglobulins conjugated with horseradish peroxidase) in a 1:2,000 dilution in 0.2% (wt/vol) milk powder in TBS at room temperature for 1 h. The blot was stained in TBS containing 16 .6% (vol/vol) methanol, 0.018% (vol/vol) peroxide, and 0.5 mg of 4-chloro-1-naphtol per ml. After 20 min, the reaction was stopped with distilled water and the blot was dried.
Electron microscopy and immunogold labeling. S. frugiperda cells were infected with a multiplicity of infection of 10 TCID50 U per cell of either wt AcNPV or AcNPV/JM3 and harvested 48 h postinfection. The cells were further processed for electron microscopy as described previously (30) . Ultrathin sections were treated with colloidal protein-A gold as described by Van 32 second-instar Pieris brassicae larvae were used. After 2 days at 25°C, the assay was analyzed for insect mortality and feeding damage.
To determine the dose response relationship, six dilutions of AcNPV/JM3-infected S. frugiperda cells and E. coli 7.21A cells were tested on second-instar larvae of P. brassicae. Thirty-two larvae were tested per dilution. Each of these larvae was placed on a 1.75-cm2 leaf disk on which 5 ,ul of each dilution was spread. Insect mortality was scored after 2 days of incubation at 25°C. The mortality data were processed by using the probit analysis methods described by (Fig. 1) .
S. frugiperda cells were cotransfected with pAcJM3 and wt AcNPV DNA. Recombinant viruses were distinguished from wt virus in a plaque assay (29) by the absence of polyhedra and by their blue coloration after the addition of X-gal. This marked the replacement of polyhedrin gene in the recombinants. Five blue plaques were purified to genetic homogeneity. The restriction pattern of these viruses were analyzed, and all the recombinant viruses appeared to have inserted the cryIA(b) gene correctly.
Protein synthesis in S. frugiperda cells infected with AcNPV/JM3. S. frugiperda cells infected with wt AcNPV, AcNPV/DZ1, and AcNPV/JM3 were harvested 48 h postinfection and analyzed by sodium dodecyl sulfate-PAGE and immunoblotting (Fig. 2) . In cells infected with recombinant AcNPV/JM3, polyhedrin was absent; instead, a protein of approximately 130 kDa was observed, the size expected for the CryIA(b) crystal protein ( Fig. 2A, lane d) . P-Galactosidase expressed by the heat shock promotor was present as a band of about 116 kDa in cells infected with recombinants AcNPV/DZ1 (Fig. 2A, lane c) and AcNPV/JM3 (Fig.  2A, lane d) . Analysis of E. coli 7.21A cells expressing the cryIA(b) gene also showed a 130-kDa protein band (Fig. 2A , lane f), which was absent in E. coli cells harboring pBR322 (Fig. 2A, lane e) . The 130-kDa protein was superimposed on a major 130-kDa E. coli protein (Fig. 2A, lanes e and f) .
That these 130-kDa bands were indeed cryIA(b) gene products was demonstrated by immunoblotting (Fig. 2B) . The antiserum raised against dissolved crystals of B. thuringiensis subsp. aizawai 7.21 reacted with the 130-kDa protein in AcNPV/JM3-infected cells (Fig. 2B, lane d) and in E. coli 7.21A cells (Fig. 2B, lane 0) . In AcNPV/JM3-infected cells, an additional band of about 73 kDa also reacted strongly with the antiserum in AcNPV/JM3-infected cells (Fig. 2B, lane d) .
Phase-contrast and electron microscopy of S. frugiperda cells infected with AcNPV/JM3. Uninfected, wt AcNPV-, AcNPV/DZ1-, and AcNPV/JM3-infected S. frugiperda cells were studied by phase-contrast and electron microscopy. It was observed by phase-contrast microscopy that in nuclei of cells infected with the recombinants AcNPV/DZ1 and AcNPV/JM3, polyhedra were absent as a result of the deletion of the polyhedrin gene ( Fig. 3c and d) . In the cytoplasm of AcNPV/JM3-infected cells, large crystals, often bipyramidal in shape, were observed. These crystals appeared similar to those observed in B. thuringiensis, as described by Krieg (12) . They were not found in uninfected, wt AcNPV-and AcNPV/DZ1-infected cells (Fig. 3a, b, and  c) . The presence of B. thuringiensis crystals and protein in the cytoplasm was confirmed by immunofluorescence (data not shown).
In ultrathin sections of AcNPV/JM3-infected S. frugiperda cells, large, electron-dense, granular, paracrystalline inclusions were observed in the cytoplasm (Fig. 4B) . These inclusions were different in appearance from the large fibrillar structures found in the nucleus and cytoplasm of wt AcNPV-infected cells, as described by Van der Wilk et al. (30) . The nucleus contained multiple nucleocapsids and other structures indicative of AcNPV infection, e.g., fibrillar structures, electron-dense spacers, and virogenic stroma. Polyhedra were present only in wt AcNPV-infected cells (Fig. 4A) . Very late after infection, comparatively smaller crystals were observed in the nucleus, sometimes surrounded by electron-dense spacers (data not shown).
To show that these paracrystalline inclusions in the cytoplasm were indeed equivalent to the CryIA(b) crystals, containing the CryIA(b) crystal protein, ultrathin sections of AcNPV/JM3-infected S. frugiperda cells were labeled with antiserum against dissolved crystals of B. thuringiensis subsp. aizawai 7.21 and visualized by using protein-A gold (Fig. 4C) . The gold particles were mainly found in association with the electron-dense inclusions, and it was confirmed that these contained CryIA(b) crystal protein. Some gold particles were randomly distributed over the cytoplasm, suggesting that not all the crystal protein was present in a crystallized form. This was not a background signal because the label was not found in nucleus of AcNPV/JM3-infected cells nor in AcNPV/DZ1-or wt AcNPV-infected cells.
Biological activity of the crystal protein expressed by S. frugiperda cells infected with AcNPV/JM3. In a bioassay, the biological activity of the crystal protein expressed by S. frugiperda cells infected with AcNPV/JM3 was evaluated against P. brassicae and compared with the crystal protein produced by E. coli 7.21A cells (Table 1) . Mock-infected, wt AcNPV-and AcNPV/DZ1-infected S. frugiperda cells and E. coli cells, transformed with pBR322, served as negative controls. Larvae of P. brassicae were chosen for this assay because they are nonsusceptible to AcNPV (32) but highly sensitive to the CryIA(b) crystal protein from B. thuringiensis. Hence, it should be possible to measure the effect of the CryIA(b) crystal protein without the effect of virus infection on mortality. Samples equivalent to 1.5 x 105 infected S. frugiperda cells or 9.0 x 107 E. coli cells were deposited on cabbage leaf disks (1. 75 cm2) , and the effect on the mortality of second instar larvae of P. brassicae was measured. S. frugiperda cells infected with AcNPV/JM3 and E. coli 7.21A cells that expressed the cryIA(b) gene caused larval mortality (Table 1) , and only superficial feeding marks were observed on these leaf disks. In contrast, when cells in which the crylA(b) gene was absent were used, the leaf disks had been almost completely consumed after 2 days.
In order to compare the relative toxicity of the crystal proteins produced by AcNPV/JM3-infected S. frugiperda cells and E. coli 7.21A cells, dilutions of AcNPV/JM3-infected S. frugiperda cells and E. coli 7.21A cells were tested in a dose response assay ( Table 2 ). An administration level of 3.4 x 102 infected S. frugiperda cells and 2.7 x 104 E. coli cells per cm2 of leaf disk caused 50% mortality, respectively. The slopes of the two regression lines were not significantly different, indicating that the larvae reacted similarly to the different amounts of crystal protein.
Dilutions of AcNPV/JM3-infected S. frugiperda cells and E. coli 7.21A cells that gave the same mortality were analyzed by PAGE, and the amount of 130-kDa protein was approximated by laser densitometry. It appeared that dilutions that were equally toxic contained similar amounts of 130-kDa crystal protein. This suggested that the toxicity of the AcNPV-derived and E. coli-derived CryIA(b) crystal protein was in the same order of magnitude. The 73-kDa product found in the immunoblot was disregarded in this calculation because it could not be detected by laser-scan densitometry, indicating that this protein is present in low amounts in Coomassie brilliant blue-stained gels.
DISCUSSION
Baculoviruses are capable of expressing foreign genes under the control of the major late polyhedrin promoter (15, 16, 19, 20) . The polyhedrin gene is dispensable for virus replication, and the expression of a foreign gene is based on the allelic replacement of the polyhedrin gene (25) . Recom- protein). The protein was visible in gels by Coomassie brilliant blue stain ( Fig. 2A) , and its identity as the CryIA(b) crystal protein was confirmed by immunoblotting (Fig. 2B) . In addition to the 130-kDa crystal protein, a product of 73 kDa was observed by using immunoblotting (Fig. 2B) . Although this band reacted equally strongly with antiserum as compared with the 130-kDa crystal protein, it was not visible in the Coomassie brilliant blue-stained gel ( Fig. 2A) . The 73-kDa band is most likely a breakdown product of the B. thuringiensis protein, since no cross-reaction of the antiserum with other insect cell samples was detected (Fig. 2B,  lanes a, b, and c) . It is possible that one or more epitopes become exposed as a result of proteolytic breakdown in the cytoplasm or during isolation. The crystal protein was found predominantly in the cytoplasm of S. frugiperda cells as large, paracrystalline, electron-dense inclusions, sometimes bipyramidal in shape ( Fig.  3; Fig. 4B and C) . These structures are reminiscent of the crystals found in B. thuringiensis itself (13) . Although these crystals have been shown in procaryotic recombinants such as Bacillus species (24) and E. coli (21) , such crystalline structures have not been demonstrated in eucaryotic cells. Some crystal protein was found spread over the cytoplasm, as concluded from immunoelectron microscopy (Fig. 4) . The presence of breakdown products that were not able to crystalize into large inclusions may explain this observation.
The crystal protein produced in S. frugiperda cells was highly toxic to P. brassicae larvae (Table 1 ). This provided further support that the crystal protein made in S. frugiperda cells is authentic and that it is most likely cleaved by the alkaline proteases in the insect gut to give an active 60-kDa toxin (9) . In vitro assays in which insect gut juices containing proteases are used should substantiate this point. The crystal protein from infected S. frugiperda cells was equally toxic to P. brassicae larvae as the crystal protein expressed by E. coli. In this calculation, the breakdown products, present in low amounts as indicated by the scanning of PAGE gels, have been disregarded. It is interesting to note that a truncated version of the CryIA(b) crystal protein expressed via a baculovirus recombinant was equally toxic for P. brassicae larvae. This recombinant, AcNPV/JM4, encodes the 5' end of the crystal protein gene and includes the entire sequence coding for the active 60-kDa toxin (J. W. M. Martens, unpublished results).
Baculoviruses are usually found occluded in large protein capsules (polyhedra) and, mainly in this form, are infectious for insects. AcNPV/JM3 lacks the polyhedrin gene and produces only multiply enveloped virions that are not occluded (Fig. 4) . The amount of such virions is difficult to quantify and, on a particle basis, is at least fivefold less infectious for insects when infected orally (36) . Therefore, the effect of the introduction of the cryIA(b) gene into the AcNPV genome on the pathogenicity against AcNPV-susceptible hosts cannot easily be assessed. Besides, the application of polyhedron-negative viruses in the field is impractical, since they are quickly inactivated (2, 4) . AcNPV recombinants that have maintained the polyhedrin gene and thus produce polyhedra, are more suitable to assess dose and time mortality relationships. Therefore, AcNPV recombinants that have a B. thuringiensis crystal protein gene inserted, e.g., in the plO gene locus under the control of the plO promoter, are now being constructed (Martens et al., unpublished data). Alternatively, the polyhedrin-negative recombinant AcNPV/JM3 can be cooccluded with wt Ac-NPV into one polyhedron (13, 23) and used to determine the biological activity. The fact that the CryIA(b) crystal protein produced in baculovirus-infected insect cells is biologically active provides the basis for a strategy in which B. thuringiensis crystal protein genes are used to enhance baculovirus pathogenicity.
